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ABSTRACT
Context. Reconstruction of the thermal history of individual meteorites which can be assigned to the same parent body allows to
derive general characteristics of the parent body, like its size and formation time, that hold important clues on the planetary formation
process. This requires to construct a detailed model of the heating of such a body by short lived radioactives, in particular by 26Al,
and its cooling by heat conduction, which may then be compared to the reconstructed cooling histories of the meteorites.
Aims. The heat conductivity of the material from which planetesimals are composed depends critically on the porosity of the chon-
dritic material. This changes during the process of compaction (or sintering) of the material at elevated temperatures and pressures.
Therefore, compaction of an initially granular material is a key process determining the thermal history of the parent bodies of
meteorites and an as realistic as possible modelling of sintering of chondritic material is required.
Methods. The modelling of the compaction process is improved by applying concepts originally developed for the modelling of
hot isostatic pressing in metallurgical processes, and by collecting data available from geosciences for the materials of interest. It is
extended to a binary mixture of granular components of very different diameters, matrix and chondrules, as observed in chondrites.
Results. By comparison with some published data on sintering experiments it is shown that the algorithm to follow the decrease
of porosity of granular material during progressive sintering allows a sufficiently accurate modelling of the compaction of silicate
material. The dependence of the compaction process on the nature of the precursor material, either matrix-dominated or chondrule-
dominated, is discussed. It is shown that the characteristic temperature at which sintering occurs is different for matrix or chondrule-
dominated precursor material. We apply the new method for calculating compaction to the evolution of the parent body of the H
chondrites and determine an improved optimized set of model parameters for this body.
Key words. Solar system: formation, planetary systems: formation, planetary systems: protoplanetary disks
1. Introduction
Meteorites preserve in their structure and composition detailed
information on the processes operating during the formation of
planets from planetesimals, in particular on processes active in
the parent bodies of the meteorites. It is possible to recover this
information by modelling the structure, composition, and ther-
mal history of meteorite parent bodies and compare this with
results of laboratory investigations of meteorites with regard to
their composition and structure. The H chondrite parent body is
most favourable for this purpose for two reasons:
– First, H chondrites seem to form a family of meteorites with
well defined common properties that hint to a single parent
body for all members of this group (e.g. Clayton et al. 1976);
it has been argued that (6) Hebe may be the surviving part of
this body (Gaffey & Gilbert 1998; Morbidelli et al. 1994;
McCausland et al. 2006; Bottke et al. 2010).
– Second, since H chondrites are the second most frequently
found type of chondritic meteorites, many meteorites of this
type have been investigated over time and much information
is available for them.
For doing this, we constructed a model program that calculates
the internal structure and thermal evolution of planetesimals of
Send offprint requests to: gail@uni-heidelberg.de
the 10 to 100 km size class with chondritic composition (Henke
et al. 2012a, henceforth called paper I). This model program was
then used to reconstruct the properties of the parent body of H
chondrites and the most important parameters that governed its
thermal evolution (Henke et al. 2012b, henceforth called paper
II). It was also used to study whether information on the duration
of the growth phase of the parent body can be recovered and it
was shown that rapid accretion matches the meteoritic record
best (Henke et al. 2013, henceforth called paper III).
The quality of the models depends on the accuracy of the
approximations used for modelling the processes that govern
the thermal history of the bodies. The most critical ones are
the growth history of the bodies, the compaction of the initially
porous material, the heat conduction of the porous chondritic
material, and the determination of the closure temperature of
the different thermochronometric systems used to reconstruct the
thermal history of meteorites. The accuracy of the approaches
presently used for modelling of such basic processes must be
considered as rather low. Other processes like, e.g., heating or
interaction with the accretion disk (as long as it exists), are either
better known or are of minor influence on the model results.
In this paper we aim to improve the treatment of the com-
paction process for the kind of material encountered in chon-
drites. This is also the necessary pre-requisite for a more accu-
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rate treatment of the heat conductivity of the chondritic material,
that is planned as the next step.
In our previous papers we modelled the compaction of the
porous granular material of asteroids under the action of their
self-gravity by a procedure that has already been applied by
Yomogida & Matsui (1984) to model the change of porosity of
asteroid material during the heat-up phase of their precursor bod-
ies. The same kind of theory was used also by other authors
to model sintering of ice-free bodies (Akridge et al. 1997; Sen-
shu 2004). This method is based on a theoretical description of
hot isostatic pressing (HIP) as proposed by Kakar & Chaklader
(1967) and Rao & Chaklader (1972). Hot isostatic pressing is
a metallurgical process applied for industrial fabrication of high
performance tools from difficult metallic and ceramic materials
(e.g. Atkinson & Davis 2000). A more sophisticated method for
treating this process has been described by Arzt et al. (1983) and
Helle et al. (1985). This model has found many applications
for technical processes and was already applied to the problem
of sintering of icy planetesimals (Eluszkiewicz 1990). Though
all such methods have been primarily devised for treating com-
paction of granular materials at rather high pressures and temper-
atures where compaction can be achieved within periods at most
of the order of hours, as requested for technical processes, we at-
tempt here to apply the method to the conditions encountered in
planetesimals where heating occurs on time-scales of the order
of hundreds of thousands of years and observable compaction
therefore commences at much lower temperatures than in tech-
nical processes.
The plan of this paper is as follows: In Sect. 2 we briefly
describe the modelling of planetesimal structure. In Sect. 3 we
describe the modelling of the compaction of chondritic material
by hot isostatic pressing and give a survey on the basic set of
equations. In Sect. 4 we present data collected from the litera-
ture to be used for modelling and Sect. 5 compares model results
with experimental data. Section 6 contains a parametric study on
the compaction of chondritic material and Sect. 7 considers bi-
nary granular mixtures. Section 8 describes our modelling of
the parent body of H chondrites using the new sintering algo-
rithm. Section 9 contains some concluding remarks. The appen-
dices discuss some aspects of two-component granular mixtures
of matrix and chondrules.
2. Formation and internal constitution of the parent
body
The temperature history of an undifferentiated meteoritic parent
body is assumed to be determined by essentially three processes:
(i) Transient heating by decay of short-lived radioactive nuclei
(26Al and 60Fe) and to a lesser extent by long lasting heating by
long-lived radioactives, (ii) transport of heat to the surface by
heat conduction, and (iii) energy exchange with the environment
by emission and absorption of radiation energy. The efficiency of
heat transport in the body is strongly influenced by the fact that
the material is initially porous and that (i) the heat conductivity
of chondritic material strongly depends on the degree of porosity
φ of the material (e.g. Yomogida & Matsui 1983; Krause et al.
2011; Henke et al. 2012a), and (ii) that the porosity changes by
sintering as the body is heated up.
For the formation of the bodies we assume the “instanta-
neous formation” approximation, i.e., the bodies are assumed
to acquire most of their mass during a period of at most a few
105 years. Present planetary formation scenarios suggest such
rapid mass acquisition of 100 km sized and bigger bodies (e.g.
Weidenschilling & Cuzzi 2006; Nagasawa et al. 2007; Weiden-
schilling 2011), and the modelling showed that the cooling his-
tory of H chondrites is only compatible with formation times
. 0.3 Ma (Henke et al. 2013; Monnereau et al. 2013). The rapid
growth is approximated by the assumption that the bodies came
into life at some instant tform and have constant mass over their
whole subsequent evolution.
The shape and internal structure of the body is assumed to be
spherically symmetric. It is assumed that the granular material
is already pre-compacted by cold compression to such an ex-
tent, that no significant further particle rearrangement by mutual
rolling and gliding of the granular units is possible (see paper I).
The only kind of motion is the shrinking of the body by sinter-
ing. The initial state of the material is a granular medium with
filling factor D (= volume fraction filled with solids, related to
porosity by D = 1 − φ) with a constant initial value of D in the
body.
In detail, the following equations are solved:
1. The equation for the hydrostatic equilibrium of the solid
component to calculate the lithostatic pressure p in the body.
2. An analogous equation for the hydrostatic pressure pg
of the gas filling the voids. This equation is solved as long as
the pore space in the granular material remains interconnected.
After closure of pore space at some critical filling factor, Dc, the
gas pressure in pores has to be determined in a different way, see
Eq. (6) for this. As the pore space shrinks during compaction,
part of the pore-filling gas is squeezed out of the body. This
outgassing as D approaches Dc is not considered in our model
because this is has no influence on the compaction process.
3. The heat conduction equation for the evolution of the tem-
perature. The heat conductivity used in our model depends on
the porosity φ = 1 − D of the material. We use the analytic fit
K(D) = Kb
(
300 K
T
) 1
2 (
e−4(1−D)/φ1 + e4(a−(1−D)/φ2) ,
)1/4
. (1)
where φ1 = 0.08, φ2 = 0.167, and a = −1.1 are constants given
in paper I. The pre-factor Kb corresponds to the heat conductivity
of the bulk material (i.e., at D = 1) at room temperature. The
temperature dependence is as proposed by Xu et al. (2004).
4. A set of equations for the sintering of the initially porous
material under the influence of pressure and elevated tempera-
ture
∂ D
∂ t
= F(D, p, T, pg) , (2)
where the right hand side is determined by solving a set of equa-
tions for the specific sintering model. These equations are dis-
cussed in detail in Sect. 3.
This set of equations for the internal structure and thermal
evolution of parent bodies of undifferentiated and ice-free plan-
etesimals describe the strong mutual coupling of the progress of
compaction, described by ˙D, and the internal constitution of the
body. They are strongly nonlinear and are solved by the iterative
method described in paper I.
3. Modelling the sintering process
3.1. The basic assumptions
A method for predicting compaction of granular materials by
HIP that has found many applications in modelling technical
processes has been proposed by Arzt et al. (1983). An improved
version is given in Helle et al. (1985). This model will be applied
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in the following to the problem of compaction of chondritic ma-
terial.
In the derivation of the model of Helle et al. (1985) it is
assumed that the granular material initially consists of closely
packed equal sized spheres. This special assumption is, how-
ever, not an irrevocable condition for its applicability but mainly
serves to define a relation between the filling factor D and the
average number of contacts between a granular unit to its neigh-
bours for a granular medium initially packed with a significant
degree of porosity (i.e., a material that does not have a special
gradation of particle sizes chosen such as to achieve high filling
factors as in the case of concrete). In technical applications the
model of Helle et al. (1985) is applied sucessfully to granular
materials that have some range of particle sizes.
The structure of chondritic material to which we aim to ap-
ply the theory seems to be compatible with this. The material
of chondritic meteorites of low petrologic type consists of es-
sentially spherical chondrules of ≈ 0.3 mm (H chondrites) or
≈ 0.5 mm (L chondrites) diameter. They are partially glassy
mineral beads of mainly olivine and orthopyroxene composition
(e.g. Scott 2007). The chondrules show a somewhat varying size,
but strong deviations from the mean seem at least to be rare. The
assumption of the model, a packing of spherical particles from
a limited size range as initial configuration, seems to be reason-
ably well fulfilled by the chondritic material.
The voids in between the chondrules are partially filled with
very fine dust particles (with sizes 0.01 to 1 µm) with a total
volume filling factor of 10. . . 15 Vol% (e.g. Scott 2007), i.e., ini-
tially the voids between chondrules are essentially empty. The
presence of this small amount of dust can probably be neglected
in calculating the compaction (see Sect. 6.2).
The model of Helle et al. (1985) assumes that there do not
occur gross particle rearrangements by mutual rolling and glid-
ing of particles in the granular material during the compaction
process. Particle rearrangements (or granular flow) are respon-
sible for compaction of loose powders with low filling factors.
The particles of a granular material become essentially immo-
bile if the filling factor approaches a value of D0 ≈ 0.56. This
is the loosest packing that is just stable under the application of
a weak external force (Onoda & Liniger 1990; Jaeger & Nagel
1992; Güttler et al. 2009) and has on the average Z ≈ 6.6 con-
tacts with neighbours. The value of D0 = 0.56 therefore is the
lowest initial filling factor for which particle rearrangement is
not important for compaction. According to our former calcula-
tions (Henke et al. 2012a) this degree of compaction is already
achieved by cold pressing under the action of self-gravity for
planetesimals of 10 km size.
In technical HIP processes, however, one starts with a pre-
compacted granular material with a higher initial filling factor
D0. This initial value is usually taken to be D0 = 0.64 which
corresponds to the random closest packing of equal sized spheres
(Scott 1962; Jaeger & Nagel 1992). The average number of con-
tacts to neighbours is ≈ 7.3 in this kind of packing. This filling
factor can be achieved by tapping or joggling the less compacted
material with 0.56 < D < 0.64. In an application to the problem
of chondrite parent bodies the initial condition may be different
because of a different evolution history. None of the equations
or approximations given by Helle et al. (1985) depends on the
specific value of D0 assumed by them, so we can use all the
equations also with a value of D0 different from their standard
value of 0.64.
The compaction is assumed to proceed by a two-stage pro-
cess. During stage 1 the granular particles are deformed and
squeezed together. They develop flat contact areas of increas-
ing diameter between particles while the pores between particles
shrink in size but still form an interconnected network that con-
nects each pore to the surface of the body. During this stage
the gas pressure within the pores remains at about the ambient
pressure. At some critical filling density, Dc, pores close and
further compaction during stage 2 proceeds by reduction of iso-
lated spherical pores embedded in the material. The gas pressure
in the pores then increases as their size shrinks. Correspond-
ingly, two sets of equations are given, one for compaction dur-
ing stage 1, and one for disappearance of voids during stage 2. In
the model of Helle et al. (1985) the modelling switches between
equations for stage 1 and stage 2 at a filling density of Dc = 0.9 .
3.2. Mechanisms
The compaction under the action of high pressure and/or el-
evated temperature is due to a number of different processes.
Helle et al. (1985) give approximate equations for the com-
paction rate dD/dt for a number of processes, that are held to
be the most important ones for real HIP processes. The differ-
ent processes operate essentially independent of each other and,
therefore, the total compaction rate is the sum of the contribu-
tions of several processes
d D
d t =
∑
i
d D
d t
∣∣∣∣∣
i
. (3)
In the following we give for convenience a brief overview over
the approximate rate equations for the different processes as pro-
posed by Helle et al. (1985).
Before the onset of deformation, the particles have a radius
G (grain radius), the initial filling factor before HIP is D0. The
external pressure acting on the granular particles is p, the gas
pressure in the pores before closure is pg. All temperatures are
in Kelvin.
3.2.1. Effective pressure acting on grains
The effective pressure acting on the contact areas between grains
is given by the external pressure p, corrected for the fact that this
is transmitted to the small contact areas between grains, and by
contributions of the surface tension of particles, γsf , and the gas
pressure in the pores:
Stage 1:
p1eff = p
1 − D0
D2 (D − D0) +
3γsf
G
D2
2D − D0
1 − D0
− pg . (4)
Stage 2:
p2eff = p +
2γsf
G
(
6D
1 − D
) 1
3
− pv . (5)
with
pv = pc
(1 − Dc) D
(1 − D) Dc . (6)
Here, pc is the gas pressure in the pores, pg, at the instant of
closure of pore network, pv the pressure in the isolated pores af-
ter closure of pore network, and Dc the filling factor at which
closure occurs. These expressions are the corresponding equa-
tions from Arzt et al. (1983, Eqs. 7 and 10), modified by the
approximations in Helle et al. (1985). In the latter paper the gas
pressure in pores is neglected because in technical processes the
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material is usually out-gassed before starting HIP and applied
pressures, p, are rather high, an assumption, which may not be
applicable to the case of planetesimals because of the generally
lower applied external pressures p.
In the model calculations p and pg are determined by the
solution of hydrostatic pressure equations for the solid granular
material and for the pore gas, respectively.
3.2.2. Power-law creep
If contact zones between particles are deformed by dislocation
creep, the strain rate ǫ˙ and stress σ are empirically related by
ǫ˙ = ǫ˙0
(
σ
σ0
)n
,
with empirically to be determined quantities ǫ˙0, σ0, and n. The
stress σ is the effective pressure, peff , acting at the particle con-
tacts. Defining the abbreviation
C = ǫ˙0
σn0
, (7)
the deformation rate by power-law creep is (Helle et al. 1985,
Eqs. 23 and 24):
Stage 1:
d D
d t = 5.3
(
D2D0
) 1
3 1√
3
(
D − D0
1 − D0
) 1
2
C
( p1eff
3
)n
, (8)
Stage 2:
d D
d t =
3
2
D (1 − D)(
1 − (1 − D) 1n
)n C
(
3p2eff
2n
)n
. (9)
These are differential equations for D(t) to be solved in that re-
gion of parameter space where power-law creep is responsible
for compaction.
3.2.3. Volume diffusion
Another mode of shrinking the volume of a granular mixture is
diffusion of material off from the contact area to the grain sur-
faces adjacent to pores, upon which pore volume shrinks and
the filling factor D increases. The diffusion may occur through
the grain volume or along grain surfaces adjacent to pores. The
diffusion coefficients are temperature dependent.
The deformation rate by volume diffusion is (Helle et al.
1985, Eqs. 19 and 20):
Stage 1:
d D
d t ≈ 7
(
1 − D0
D − D0
)
Dv
G2
p1effΩ
kBT
, (10)
Stage 2:
d D
d t = 270
1
6 13
(1 − D) 56 Dv
G2
p2effΩ
kBT
. (11)
Here Ω is the atomic volume of the diffusing atom and Dv is
the diffusion coefficient of volume diffusion. These are material
constants.
Table 1. Numerical values of the coefficients describing material prop-
erties for some materials of interest in SI units, temperatures in K.
Materials
Property Symbol Unit Al2O3(a) Olivine(b)
Melting Temp. Tm K 2 320 2 140
Atomic volume Ω m3 4.25 10−29 4.92 10−29
Burgers vector b m 2.58 10−10 6.0 10−10
Power-law creep A 3.38 0.45
n 3.0 3.0
Qcr kJ mol−1 522
Volume diffusion D0v m2s−1 2.8 10−10 0.1
Qv kJ mol−1 477 522
Grain boundary δD0b m3 s−1 8.6 10−10 1 10−10
diffusion Qb kJ mol−1 419 350
Yield strength σ0y MPa 17 500(d) 9 050(d)
m0y MPa K−
1
2 4.67(d) 2.31(d)
Shear modulus µ0 MPa 1.55 105 8.13 104
Tm
µ0
d µ
d T -0.35 -0.35
Surface energy γsf J m2 1(c) 1(c)
Data taken from: (a) Helle et al. (1985),(b) Frost & Ashby (1982), (c) Arzt et al. (1983), (d)
Evans (1978)
3.2.4. Boundary diffusion
The deformation rate by boundary diffusion is (Helle et al. 1985,
Eqs. 19 and 21):
Stage 1:
d D
d t = 43
(
1 − D0
D − D0
)2
δDb
G3
p1effΩ
kBT
. (12)
Stage 2:
d D
d t = 270 (1 − D)
1
2
δDb
G3
p2effΩ
kBT
. (13)
The quantity δDb is the diffusion coefficient of boundary diffu-
sion.
4. Data
The coefficients required for modelling compaction by HIP have
been determined for a number of technically important materials
and published data can be found in the literature. A collection of
such data is presented, e.g., by Frost & Ashby (1982),1 and Arzt
et al. (1983).
The chondrules and the matrix of the chondritic material are
mainly composed of olivine (Mg2xFe2(1−x)SiO4) and pyroxene
(MgxFe(1−x)SiO3) in varying quantities and varying iron con-
tents, x, and some additional minor components, in particular
metallic iron or troilite. Data as required for modelling the com-
paction process for this kind of complex material have never
been determined, but a number of studies have been performed
for almost pure olivines and pyroxenes because of their relevance
in geophysics. Because of the lack of other data we use such data
for modelling HIP of chondrules.
1 Also accessible via:
http://engineering.dartmouth.edu/defmech/
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Table 2. Literature data for experimental determinations of rheological data parametrised in the form ǫ˙ = AσnG−b exp(−Q/RgT ) for dry olivines
and pyroxenes. Stress σ is in bars, grain size G in meter, activation energy Q in kJ/mol, temperature in K. Also shown are pressure and temperature
range for which experiments are conducted. It is indicated whether the deformation mechanism was dislocation creep or diffusion.
material comp. creep A n b Q P-range T -range Ref.
mode kJ/mol kbar K
olivine Fo92Fa8 diff. (3.5 ± 1.6) 10−11 1.5 3 355 ± 120 0.17 – 0.30 1 273 – 1 873 a
olivine disloc. 1260 ± 740 3.0 ± 0.1 0 510 ± 30 10 1 473 – 1 573 b
pyroxenite Wo50En40Fs10 disloc. (5.0 ± 4.0) 10−18 4.7 ± 0.2 0 760 ± 40 3 – 4.4 1 373 – 1 523 c
pyroxenite diff. (1.3 ± 1.0) 109 1 3 560 ± 30 3 – 4.4 1 373 – 1 523 c
enstatite En94Fs4Wo2 disloc. 7.94 105 2.9 0 600 ± 30 ≈ 10 1 473 – 1 523 d
References: (a) Schwenn & Goetze (1978), (b) Karato & Jung (2003), (c) Bystricky & Mackwell (2001), (d) Lawlis (1998).
The coefficients entering the equations are usually approx-
imated by physically motivated analytic expressions depending
on some empirically to be determined constants. The kind of ap-
proximations used is different in the work of Arzt et al. (1983),
Helle et al. (1985), and in geosciences.
4.1. Approximations as used in Helle et al.
The ratio C defined by Eq. (7) is related to the shear modulus, µ,
the volume diffusion constant, Dv, and the Burgers vector, b, via
(cf. Arzt et al. 1983)
ǫ˙0
σn0
=
AbDv
kBTµn−1
, (14)
where A is a constant and Dv and µ, are temperature dependent:
Dv = D0v e−Qv/RgT (15)
µ = µ0
(
1 + T − 300K
Tm
{
Tm
µ
d µ
d T
})
. (16)
Here Tm is the melting temperature. The quantities A, D0v, Qv,
µ0, and ( Tmµ d µd T )0 are material constants, Rg is the gas constant.
The quantity δDb is given by the approximation
δDb = δD0b e−Qb/RgT (17)
The quantities δD0b and Qb are also material constants. For con-
venience, numerical values as used in this paper for all the coef-
ficients entering these relations are given in Table 1 for Olivine
(from San Carlos) and Corundum.
Though alumina-compounds are found in CAIs, they are not
an important component in chondritic material. There exists,
however, the possibility that in the innermost part of the solar
nebula there existed planetesimals formed exclusively from re-
fractory Ca-Al-bearing mineral compounds.
4.2. Approximations as used in geosciences
An alternative approximation for C generally used in geo-
sciences is
C = AG−b e−Q/RgT , (18)
where G ist the average radius of the granular units. This kind
of approximation is used both for power-law creep and for diffu-
sional deformation.
The constants A, b, Q have to be determined empirically.
Since the rheological properties of silicates strongly depend on
 0.7
 0.8
 0.9
 1
 1  10  100
D
t [min]
(S 7)
= 166 barp 
= 1433 KT 
(S 15)
= 291 barp 
= 1624 KT 
Fig. 1. Comparison of laboratory hot pressing measurements at fixed
p and T (shown at the curves) for San Carlos olivine granular material
from Schwenn & Goetze (1978) (dashed line) and results of a model
calculation using coefficients given in Table 1 (full lines). The particle
size is between 0.25 and 0.5 mm in sample S7 and between 0.5 and
1 mm in sample S15. The pressure and temperature conditions are such
that sintering proceeds via power-law creep.
their water content, one can find results for experiments per-
formed under dry or wet conditions. We are only interested in re-
sults that are claimed to correspond to dry conditions since there
are no indications that the parent bodies of the ordinary chon-
drites contained water. Finally experiments are conducted for
single crystals or for polycrystalline material. For our purposes
data for polycrystalline materials are probably the more useful
ones for the type of calculations we aim. The literature has been
searched for experimental data for olivine and pyroxene and the
most recent data found are given in Table 2. Note that the stress
in this case is in units of bar.
5. Comparison with experimental results
Schwenn & Goetze (1978) have published some data on the
densification curves D(t) for experiments on the compaction of
olivine (San Carlos, Fo92) by HIP at a number of pressures, tem-
peratures, and particle sizes. We can compare these experimen-
tal results with numerical model calculations based on the model
equations from Sect. 3 and the material parameters from Table 1.
Two runs from the set of measurements are made for particle
sizes of the same order of magnitude as chondrule sizes (exper-
imental runs S7 and S15 of Schwenn & Goetze (1978)). The
pressures are also comparable to the central pressure of 100 km
sized planetesimals. These measurements are particular suited
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Table 3. Granular components and some properties of chondrite groups.1
Chondrite group EH EL H L LL CI CM CR2 CO CK CV K
Chondrules3 [vol%] 60-80 60-80 60-80 60-80 60-80 ≪ 1 20 50-60 48 15 45 25
Avg. diameter3 [mm] 0.2 0.6 0.3 0.7 0.9 - 0.3 0.7 0.15 0.7 1.0 0.6
Matrix3 [vol%] < 2-15? < 2-15? 10-15 10-15 10-15 > 99 70 30-50 34 75 40 73
fma [Eq. (A.6)] 0.1 0.1 0.15 0.15 0.15 1.0 0.78 0.42 0.42 0.83 0.47 0.74
Porosity6 [%] 2-12 2-11 5-14 35 18-28 2-20 20-23 20-24
φ0 (appendix A) [%] 29 29 24 24 24 36 30 19 19 32 21 30
FeNi metal3,4 [vol%] 8? 15? 10 5 2 0 0.1 5-8 1-5 < 0.01 0-5 6-9
FeS [vol%] 1-4 6-10
CAIs3 [vol%] 0.1-1? 0.1-1? 0.1-1? 0.1-1? 0.1-1? ≪ 1 5 0.5 13 4 10 < 0.1
Petrol. types5 3-5 3-6 3-6 3-6 3-6 1 2 2 3 3-6 3 3
Max. temp.5 [K] 1020 1220 1220 1220 1220 430 670 670 870 1220 870
Notes: (1) Adapted from Trieloff & Palme (2006), with modifications. (2) CR group without CH chondrites. (3) From Brearley & Jones (1998). (4) In matrix. (5) From Sears & Dodd
(1988). (6) From Consolmagno et al. (2008).
to check if the model of Helle et al. (1985) describes the com-
paction behaviour of chondritic material reasonably well.
We read off the variation of D with time from Fig. 3 of
Schwenn & Goetze (1978). Unfortunately, the initial part of the
evolution during the first minute is not shown and no informa-
tion on this is given elsewhere in the paper, which means, that
we have no information on the initial state when the sample was
subjected to pressure loading. Therefore we solved the differen-
tial equation for D(t) with arbitrary initial value D(0) and varied
this until the value of D(t) at t = 1 minute equals the value shown
in Schwenn & Goetze (1978).
Figure 1 shows the densification curves D(t) of the experi-
ments and the numerical results for D(t) calculated for the pres-
sure, temperature, and average particle size of the experiments.
The theoretical model reproduces the experimental results with
sufficient accuracy such that it can be assumed that the HIP
model of Helle et al. (1985) is applicable to the compaction of
chondritic material.
The coefficients for power law creep and diffusion used in
the calculation are determined for materials that are thought to
be analogues of upper earth mantle materials. The mineral com-
position of chondritic material is to some extent similar to this
but in any case not the same. It would be desirable to determine
the necessary data directly for chondritic material.
6. Sintering behavior of chondritic planetesimals
The compaction process for the granular material in planetesi-
mals can be roughly conceived as a two-stage process. During
the initial phase where planetesimals grow the temperature of
the material does not change very much. The characteristic time
scale for heating the material by radioactive decay of 26Al is of
the order of t1/2 = 7.2 × 105 a.2 This lasts much longer than the
expected growth times of the bodies (< 105 a, see Henke et al.
2013). Therefore, one can separate the compaction process of
planetesimal material into two phases:
2 This is valid only if we consider formation times later than ≈ 1.5 Myr
where the remaining latent heat of radioactives suffices to heat the body
to just somewhat above 1 000 K and bodies that are sufficiently large
that the liberated heat is not immediately lost by transport to the surface
(size & 50 km). These assumptions are generally assumed to hold for
the parent bodies of chondrites.
– First, compaction proceeds at constant temperature and in-
creasing pressure (cold isostatic pressing).
– Later, compaction proceeds at constant pressure and increas-
ing temperature (HIP).
The first stage can be treated as it is outlined in paper I. This is
not further considered. Here we aim to consider the second stage
on the base of the theory of Helle et al. (1985).
6.1. Nature of the material
We consider only dry planetesimals from the zone inside the
snow-line in the solar nebula where ordinary chondrites come
from. The dominating material of the planetesimals are silicate
compounds with an admixture by a lot of minor components
like metallic iron and Ca-Al-bearing compounds. We concen-
trate presently on the dominating silicate compounds. We also
consider corundum because in the innermost hot zone of the so-
lar nebula there could once have existed planetesimals consisting
mainly of such kind of material.
Prior to compaction, the size of the different components
of the granular material forming the parent bodies of ordinary
chondrites is very different. At one hand one has fine-grained
matrix material with particle sizes from a large range of diame-
ters up to a few µm, on the other hand one has chondrules from
a rather narrow range of diameters 0.3. . . 0.5 mm. Table 3 gives
an overview on the main components of the granular material
of chondrites (cf. also Scott 2007). For ordinary chondrites the
volume filling factor by the chondrules in the meteorites, 0.6 to
0.8, is high and of the fine-grained matrix in the meteorites is
relatively small, 0.1 to 0.15. This matrix volume filling factor of
matrix material is significantly less than the void fraction of the
uncompacted material, i.e., initially the matrix material could not
have completely filled the voids between the chondrules. This
means, that the initial structure of the material prior to com-
paction must have been such that the chondrules are mainly in
direct contact with each other and that the fine grained matrix
material filled only part of the void space between chondrules.
In some cases some matrix material is found as thin coatings on
the chondrules; in such cases the chondrule-chondrule contact is
mediated by a thin matrix film in between. Hence, if we model
compaction of chondritic material by HIP we have to start with
a dense packing of almost equal sized almost spherical chon-
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Fig. 2. Variation of compaction timescale, tcomp, with grain radius G for sintering a granular material of olivine and corundum beads from
D = 0.64 to D = 0.90 at different temperatures for different pressures. Also indicated are the characteristic sizes of chondrules, matrix and dust
particles in the solar nebula.
drules. The question what happens with the matrix comes into
play only after a substantial reduction of void space.
For carbonaceous chondrites one has to consider the opposite
case that the fine grained matrix material is the dominating com-
ponent and chondrules are interspersed in such material. The
volume filling factor of the chondrules is between essentially
zero and at most 0.5, which means that their filling factor stays
below the critical value of 0.56 where each particle has contact
to about six neighbours and the packing of chondrules becomes
immobile (Onoda & Liniger 1990; Jaeger & Nagel 1992; Güt-
tler et al. 2009); in most cases the filling factor is well below this
value and the number of direct contacts between chondrules is
small. The space between the chondrules is filled with matrix
and the sintering by hot isostatic pressing is ruled by contacts
between the tiny matrix grains. A corresponding kind of matrix-
dominated material seems not to have been found for any dry
ordinary chondrite (cf. Table 3), except for the rare K chondrites
(Kakangari grouplet).
Therefore it is only necessary to consider with respect to sin-
tering the two limit cases of a coarse-grained chondrule material
or a very fine grained matrix material. Only the case of the CR
and CO chondrites is just at the transition and probably requires
a more refined treatment. All other cases can be treated by one
of the limit cases.
Appendix A discusses in more detail the chondrule-matrix
mixture. It is discussed how the effective porosity of such a ma-
terial can be calculated. This is compared in Table 3 with empir-
ically determined average porosities of meteoritic groups (Con-
solmagno et al. 2008). The thereotical predictions roughly agree
with what one observes for the clan of carbonaceous chondrites.
For ordinary chondrites the results are discordant, which likely
has its origin in the fact that most of the meteorites that were
investigated are already partially sintered. The effective porosity
derived in Appendix A determines the initial porosity which has
to be used in calculating a thermal evolution model.
6.2. Compaction timescale
By solving the differential equation (3) between an arbitrarily
chosen intial value of D = 0.64 and final value of D = 0.90
we determine a characteristic timescale required for almost com-
plete compaction of chondritic material. In particular we intend
to study the dependence of the compaction time on granular par-
ticle radius G. We did the calculations for two pressures and a
set of temperatures. The results are shown in Fig. 2 for olivine
and alumina particles.
6.2.1. Olivine
Figure 2a holds for particles on the surface of planetesimals
(p = 10−3 bar). The compaction process is completely dom-
inated by surface diffusion in this case and is strongly radius
dependent. Particle aggregates of chondrule-sized particles will
obviously not be affected by diffusional compaction at the tem-
peratures relevant in the outer mantle of planetesimals. The fine
grained dust material, however, will rapidly coalesce to a com-
pact material at temperatures above about 700 K. Fine grained
olivine dust material can only survive at temperatures below this
temperature.
This also holds for free floating dust aggregates in the accre-
tion disk. Only in the disk regions with temperatures T . 700 K
fine grained dust agglomerates can exist that are thought to form
the initial stage of the growth process from dust to planetesimals.
Figure 2b holds for particles in the core region of about
100 km sized bodies (p ≈ 102 bar). For the small matrix par-
ticles, compaction is dominated by diffusion. For chondrules,
however, the compaction mechanism turns over to powerlaw-
creep which is size independent. This corresponds to the hori-
zontal part of the curves.
Two points are evident from the figure. First, the granular
material coalesces to a compact material at a temperature where
the heating timescale (by 26Al decay) equals the compaction
timescale. For parent bodies of chondrites the heating timescale
is typically of the order of 1 Ma. Compaction then happens at
a temperature around 650 to 700 K for matrix material and pro-
ceeds via surface diffusion. For the chondrules compaction at
the assumed pressure occurs at a temperature somewhat higher
than 900 K and proceeds via disclocation creep. Hence the com-
paction of chondritic material consisting of chondrules and ma-
trix material occurs in two steps at two different temperatures.
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This has an obvious consequence. Since the matrix material
has basically the same composition as the chondrule material this
means that by surface diffusion the fine grained matrix material
adds to the surface of chondrules and somewhat increases their
size. One therefore expects that at temperatures above about
700 K, but below the temperature where sintering by power-law
creep commences, a chondrule-dominated material looks like a
material already slightly sintered by hot pressing.
With respect to the modelling of the HIP of ordinary chon-
drite material this means that we can simply add the small frac-
tion of matrix material to the chondrules and perform the calcu-
lation for a modified coarse-grained granular material without a
matrix component. This assertion in principle requires a verifi-
cation by experiment or by a model calculation for this process
that, however, would be quite cumbersome. But even without
that it is physically obvious that it is true.
6.2.2. Alumina
Such grains exist in the hot inner region of the solar nebula where
no iron and silicates exist. The compaction process is completely
dominated by surface diffusion and is strongly radius dependent
(Fig. 2c). Particle aggregates of the typical size of CAIs will ob-
viously not be affected by diffusional compaction at the tempera-
tures relevant in the outer mantle of planetesimals in this region.
The fine grained dust material, however, will rapidly coalesce
to a compact material at temperatures above about 900 K. Fine
grained alumina dust material can only survive at temperatures
below of this temperature.
7. Sintering of a matrix-chondrule mixture
The material of the least metamorphosed chondrites, the petro-
logic type 3, is a binary mixture of very fine grained matrix
material and the coarse grained granular material of chondrules.
Such material is thought to represent the initial structure of the
material from which the parent bodies of the chondrites formed
before it is converted at elevated temperatures and pressures to
the kind of material seen in the other petrologic types. We dis-
cuss here how the sintering of such a binary mixture of dust and
chondrules can be calculated. The discussion is limited to or-
dinary chondrites. Carbonaceous chondrites are not considered
because of their significantly different composition due to aque-
ous alteration.
7.1. Matrix-chondrule mixture
The mixture of the ordinary chondrites is strongly dominated by
the chondrules, except for meteorites from the rare Kakangari
grouplet where the mixture is strongly dominated by the fine
grained matrix material with a small contribution by interspersed
chondrules. In both cases the ratio of chondrule diameter (typi-
cally 500µm) to the diameter of matrix particles (of order 1µm)
is very large. In Appendix A some properties of such a binary
matrix-chondrule mixture with very different particle diameters
of the two components are discussed and it is found that the vary-
ing properties of the initial state are ruled by the quantity fma
which is defined as the fraction of volume filled with matrix ma-
terial to the sum of the fractions of volume filled with matrix and
chondrule material (not including the pore space!). By definition
0 ≤ fma ≤ 1; pure chondrule material corresponds to fma = 0,
pure matrix material to fma = 1. Table 3 shows estimates of this
quantity for the different chondritic meteorite groups. For the
ordinary non-carbonaceous chondrites the parameter fma takes
small values, except for the K meteorites where fma is large. As
examples we consider the two cases fma = 0.1 of a chondrule
dominated material as it is observed in ordinary chondrites and
fma = 0.75 of a matrix dominated material as observed in the
case of Kakangari.
In Appendix B it is shown that with respect to sintering one
has to consider three different cases, depending on the value of
fma. For the two examples we wish to consider, the sintering
process is essentially a one-step process where the over-all be-
haviour of the mixture is either determined by the sintering of
chondrules ( fma ≤ ftran = 0.265) or by the sintering of the ma-
trix ( fma ≥ fstop = 0.444). An intermediate two-step case that
depends both on sintering of chondrules and matrix is not con-
sidered because this seems not to be realized for ordinary chon-
drites.
In Appendix A the effective porosity of the binary mixture
is derived. It depends on the mixing ratio fma and on the initial
filling factors. Table 3 shows values for the effective porosity
calculated from the relations in Appendix A for the different me-
teoritic groups from their typical value of fma and a value of the
initial porosity of φ ≈ 0.36. The calculated values are compared
with typical observed values of the porosity. The theoretical val-
ues for carbonaceous chondrites are of the same order as the ob-
served values. The observed porosity of the ordinary chondrites,
however, is too small to be compatible with an un-sintered mate-
rial; for most of such meteorites the material seems to be already
compacted to some extent.
7.2. Sintering of the mixed material
Because of the big size difference of matrix particles and chon-
drules one infers from the discussions in Sect. 6 that sintering of
the pure matrix or pure chondrule material occurs at two signifi-
cantly different temperatures (see Fig. 2): at about 700 to 750 K
for the fine-grained matrix material and at about 950 K for the
chondrule material. The sintering process of the mixture there-
fore is expected to occur in two steps in two different temperature
regimes. Table 3 shows estimates of the maximum temperatures
reached by the different meteorite types derived from mineralog-
ical considerations. The high maximum temperatures achieved
by ordinary chondrites suffice for a complete compaction of the
chondrule material as predicted by the sinter-model, consistent
with the properties of the highest petrologic grade 6 observed
for the ordinary chondrites. For the matrix dominated carbona-
ceous chondrites from the CI, CM, and CR group the maximum
temperatures stay below the temperature required for sintering
of the matrix material according to the sinter-model, also consis-
tent with the observation of low petrologic grades of these me-
teorites. For the CO and CV group, maximum temperatures are
sufficient for compaction of the matrix but not for compaction
of chondrule material. These two groups fall into the interme-
diate case which is neither chondrule nor matrix dominated and
shows a complicated sintering behaviour not discussed here. For
the group CK the material is matrix dominated and the maxi-
mum temperatures are sufficiently high for sintering of both the
matrix and chondrule components according to our sinter-model,
consistent with the highest petrologic grade 6 observed for this
group. In so far the sinter-model is qualitatively in accord with
observed properties of the meteorite groups.
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Table 4. Parameters for the planetesimal model.
Quantity Symbol Value Unit
Radius R 150 km
Formation time tform 2 Ma
Surface temperature Tsrf 250 K
Heat conductivity Kb 4.0 W m−1K−1
Bulk density ̺b 3.78 g cm−3
26Al/27Al ratio 5.1 × 10−5
60Fe/56Fe ratio 1.43 × 10−8
Chondrule dominated case
Radius of chondrules G 0.15 mm
Matrix volume fraction fma 0.15
Initial porosity φ0 24.8
Matrix dominated case
Radius of matrix grains G 1 µm
Matrix volume fraction fma 0.75
Initial porosity φ0 29.7
7.2.1. Matrix-dominated material
In this case, the chondrules interspersed in the matrix material
act essentially as a passive element that lowers the porosity of the
mixed material compared to the case of a pure matrix material
because they fill part of the volume but do not contribute to the
pore volume. The mixture can be treated as a single-component
case of pure fine-grained matrix material, with only two excep-
tions:
First, one has to use the effective porosity φeff = 1 − Deff,
with Deff given by Eq. (B.2), in the expression for the heat con-
ductivity of the porous material, Eq. (1). The filling factor of
the matrix material, Dma, is calculated by solving the differential
equation (3) for Dma. As initial value for Dma one chooses the
filling factor of the random closest packing (see Appendix A).
Second one has to calculate the total mass density of the mix-
ture from
̺ = Dma
(1 − fma)̺ch + fma̺ma
fma + (1 − fma)Dma , (19)
where ̺ch and ̺ma are the bulk density of the chondrule and the
matrix material, respectively.
All other details of the model computation are the same as
in Henke et al. (2012a,b). Once the matrix component is com-
pletely compacted, no further compaction of the whole material
is possible. The total compaction in the case considered here
occurs at the characteristic temperature of matrix compaction.
7.2.2. Chondrule-dominated material
For the chondrule dominated material the properties of the mixed
material are essentially determined by the packing of chondrules.
The matrix fills the voids left between the chondrules. Because
this matrix has not yet reached the highest stage of compaction
possible without sintering, we assume that the lithostatic pres-
sure only acts on the contacts between chondrules, and that the
effective pressure, given by Eq. (4) or Eq. (5), acting on the ma-
trix particles in the voids between chondrules is determined only
by the pressure of the pore gas and the contribution of surface
tension.
The matrix sinters by surface diffusion because of the small
diameter of its granular components in a temperature range much
lower than that where sintering of chondrules by dislocation
creep commences. During sintering of the matrix the total void
space in the space between the chondrules does not change; it
is only re-distributed. The effective packing fraction during this
phase is given by Eq. (A.7).
After complete sintering of the matrix material this mate-
rial is probably attached to the surface of the former chondrules
such that the structure of the material at that stage resembles an
already somewhat pre-compacted material with a filling factor
given by Eq. (A.7). Further compaction of the material then can
be treated as compaction of the chondrule component described
by Eq. (3) subject to initial condition (A.7) and an increased di-
ameter of the granular elements
˜G = G (1 + fma) 13 , (20)
where G is the initial radius of the chondrules.
For the chondrule dominated material it suffices therefore to
solve an equation of the type (3) for the filling factor Dch of
chondrules with initial condition (A.7) and a modified radius ˜G.
7.3. Sample models
As example we consider thermal evolution models (in the instan-
taneous formation approximation) including sintering of a plan-
etesimal for an arbitrarily chosen test case similar to our best-fit
models in Henke et al. (2012b, 2013) for the H chondrite parent
body. The general parameters of the planetesimal are given in
Table 4 which are chosen following Henke et al. (2012b). We
calculated models for the chondrule dominated case and for the
matrix dominated case based on the theory of HIP of Helle et al.
(1985). For comparison we also calculated models for the same
set of parameters for the body with the theory for HIP of Chak-
lader (Kakar & Chaklader 1967; Rao & Chaklader 1972)
The equations are integrated from the formation time tform of
the body for a period of 4.5 Ga. The initial radius of the body is
chosen such that after complete compaction its radius would be
equal to the value given in Table 4. This radius is not completely
arrived at after completion of sintering because some residual
porous surface layer remains in all cases. This is the layer where
temperatures remain too low for significant sintering.
7.3.1. Chondrule-dominated material
Figure 3a shows the resulting maximum temperature achieved
in some mass element during the whole time evolution. The
mass element is characterised by its radial distance r at the end
of the calculation, i.e., its final position after compaction has
terminated, since at an age of 4.5 Ga temperatures are too low
throughout the body for further shrinking by sintering. The max-
imum temperature Tmax(r) is of particular interest because it de-
termines largely the degree of metamorphism that the material
suffered during the evolution. The figure also shows the tran-
sition temperatures between petrologic types as defined in Mc-
Sween et al. (1988) and the limits for the onset of melting of
Fe,Ni-FeS and of the chondritic silicate mixture. From this we
can immediately see the radial range of depths below the sur-
face of the body where meteorites of petrologic types three to
six come from.
The solid line shows the run of maximum temperature for the
case that the quantity C from Eq. (7) is calculated as described
by Arzt et al. (1983) with data from Table 1. The dotted line
shows the result if the quantity C is calculated using the fit for
the deformation rate, Eq. (18), using constants for olivine shown
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Fig. 3. Variation of maximum temperature in a mass element at radial position r. The radius r is the final position of the mass element after
sintering of the body has finished. (a) Chondrule dominated material with olivine composition. Solid line: Sinter algorithm according to Helle,
rheological constants from Table 1. Dotted line: Sinter algorithm according to Helle, rheological constants from Table 2. Long dashed line: Sinter
algorithm according to Chaklader, rheological constants as in Henke et al. (2012b). Short dashed line: Sinter algorithm according to Chaklader,
rheological constants from Table 2. (b) Chondrule dominated material, sinter algorithm according to Helle. Solid line: enstatite composition.
Dashed line: olivine composition. (c) Matrix dominated material, sinter algorithm according to Helle (solid line). For comparison, the dashed
line corresponds to model with chondrule-dominated material. (d) Evolution of porosity φ with central temperature Tc. Solid line: chondrule-
dominated material. Dashed line: matrix-dominated material. The horizontal dashed lines in images (a) to (c) indicate the transition temperatures
between different petrologic types according to McSween et al. (1988) and the solidus temperatures of the Fe,Ni-FeS-complex and the chondritic
silicate-mixture.
in Table 2. The resulting distribution Tmax(r) is almost identical.
Both variants of calculating the deformation rate by power-law
creep obviously provide the same model results.
The dotted long dashed and short dashed lines show the cor-
responding results if sintering is calculated by the method of
Chaklader as described in Henke et al. (2012a). The long dashed
line corresponds to a model where the quantity C is calculated
using data for olivine from Schwenn & Goetze (1978). The short
dashed line uses data for olivine from Table 2. The resulting dis-
tributions Tmax(r) in both cases are almost identical. There is,
however, a significant difference between the temperature struc-
tures calculated from the descriptions of HIP by the model equa-
tions of Helle et al. (1985) and of Rao & Chaklader (1972).
Figure 3b compares the resulting maximum temperature
achieved in some mass element during the whole time evolution
for two different compositions of chondritic material. The solid
line shows a model where it is assumed that the granular mate-
rial is dominated by enstatite, using data from Table 2. This is
appropriate for the case of enstatite chondrites. For comparison
the dashed line shows the corresponding model using data for
olivine. The two models show a slightly different temperature
structure at high temperatures because enstatite starts sintering
only at higher temperature than olivine due to its higher resistiv-
ity against creep deformation making the residual porous outer
layer for enstatite-dominated chondritic material slightly thicker
than for olivine-dominated chondritic material. On the whole,
however, the two models are rather similar such that one does not
expect big differences in the temperature evolution of the parent
bodies of enstatite chondrites versus parent bodies of H and L
chondrites resulting from their different mineral composition.
7.3.2. Matrix-dominated material
A model with matrix dominated material is calculated using
model parameters as defined in Table 4. The initial size of matrix
particles in meteorites is not known. The matrix material seen in
chondrites of petrologic type 3 was already subject to Ostwald
ripening, such that its typical size of several µm is not represen-
tative for the initial state. Probably the particle sizes of typically
. 0.1 µm of the small particles in cluster IDPs that are thought
to originate from comets are more close to what could be the ini-
tial size of matrix particles. The choice in Table 4 of a size for
the granular units of the matrix material is rather arbitrary but is
within the range of possible values.
The sintering is calculated by using data for olivine from Ta-
ble 1. Test calculations have shown that volume diffusion (see
Sect. 3.2.3) is always much less important than surface diffu-
sion and is neglected therefore. Figure 3c shows for the model
the resulting maximum temperature achieved in some mass ele-
ment. For comparison also the model for chondrule-dominated
material with olivine composition is shown. The temperature
evolution for bodies with matrix-dominated and chondrule dom-
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Table 5. Cooling ages and closure temperatures of H-chondrites used in this study. For sources of data see text, errors are 1σ.
Meteorite type Hf-W Pb-Pb Al-Mg U-Pb-Pb Ar-Ar Pu-fission tracks
(metal- (pyroxene (feldspar) (phosphates) (feldspar) (merrillite)
silicate) olivine)
closure 1150±75 1050±100 750±130 720±50 550±20 390±25 K
temperature (1100±75
for Richardton)
Estacado H6 4557.2±1.6 4526.6±6.3 4491±8 4463±5 4399±10 Ma
Guareña H6 4504.4±0.5 4456±10 4400±14 Ma
Kernouvé H6 4557.9±1.0 4536.0±1.1 4522.5±2.0 4497±6 4436±10 Ma
Mt. Browne H6 4553.8±6.3 4543±27 4514±5 4469±13 Ma
Richardton H5 4561.6±0.8 4561.7±1.7 4551.4±0.6 4523±11 4467±14 Ma
Allegan H5 4550.2±0.7 4539±11 4488±14 Ma
Nadiabondi H5 4557.9±2.3 4555.6±3.4 4533±10 4541±20 Ma
Forest Vale H4 4561.3±0.2 4560.9±0.7 4550±8 4542±14 Ma
Ste. Marguerite H4 4561.9±0.2 4562.7±0.6 4560±16 4548±17 Ma
inated material are substantially different because of the large
difference of the temperature required for efficient sintering.
The temperature at which sintering occurs can be seen from
Fig. 3d where the temperature at the centre, Tc, is plotted ver-
sus porosity. The initial porosity corresponds to the right lower
end of the curves. During the thermal evolution the tempera-
ture first rises at constant porosity until at a certain temperature
level the activation energy barriers for creep or diffusion can be
surmounted. The porosity then decreases within a narrow tem-
perature interval to almost zero. The central temperature then
first continues to increase, but later decreases at zero porosity,
because the heat sources become exhausted. The characteris-
tic temperatures for rapid sintering are 680 K for the matrix-
dominated material and 960 K for the chondrule dominated ma-
terial.
8. Application to sintering of planetesimals
As an application of the method for modelling compaction of a
chondrule-dominated material we consider the thermal evolution
of the parent body of the H chondrites.
8.1. Model calculations
The model calculation of the internal constitution and thermal
evolution is essentially identical to the model calculation as de-
scribed in Henke et al. (2012a), except that before closure of the
pore network now an equation for the gas pressure in the pore
space, and Eq. (6) after closure, are solved. The initial condition
psrf for the gas pressure at the surface is the pressure in the ac-
cretion disk for which we chose the approximate value given in
Table 6 (cf. Fig. 1b in Henke et al. 2012a).
The model depends on a number of parameters that refer to
the properties and composition of the material from which the
planetesimal formed or are determined by specific properties of
the material of the solar nebula. We choose these parameters
as discussed in Henke et al. (2012a,b). Their values are given
in Table 6 under the heading “parameters” (and also in Table
4). For the properties of the chondrule-matrix mixture we use
the same parameters as those given in Table 4 for the chondrule-
dominated case because they are already tailored for the H chon-
drite parent body.
Specific parameters of the model for the parent body of the
H chondrites are the radius, R, of the body, its formation time,
tform, and the surface temperature, Tsrf . They are not known in
advance and have to be determined by comparison with the ther-
mochronological data for the nine chondrites of type H4 to H6
described in Henke et al. (2013). The unknown burial depth of
the meteorites within their parent body are additional unknown
parameters. Hence we have totally p = 9+3 free parameters that
have to be determined.
8.2. Thermochronological data
The set of meteorites and their data used for comparison with
model calculations are shown in Table 5. Very similar tables
have already been presented in Henke et al. (2012b) and Henke
et al. (2013), but by recent improvements almost all data have
slightly changed since then and, therefore, we present the com-
plete table with the actual data. The data for the different ther-
mochronological systems are derived as follows:
182Hf-182W system: Hf-W ages are from Kleine et al. (2008)
and were re-calculated relative to the 182Hf/180Hf of the angrite
D’Orbigny, which has a Pb-Pb age of t = 4563.4±0.3 Ma (Kleine
et al. 2012). The closure temperature is calculated using lattice
strain models.
Pb-Pb pyroxene systems: The closure temperature for Pb dif-
fusion in chondrule pyroxenes is estimated by Amelin et al.
(2005). The age data are from: Blinova et al. (2007) for Estacado
and Mt. Browne, Amelin et al. (2005) for Richardton, and Bou-
vier et al. (2007) for Nadiabondi and Kernouvé. Note that Pb-Pb
age values were slightly revised upwards (by 1 Ma) according to
recent revisions of the Uranium isotopic ratio (Brennecka et al.
2010).
26Al-26Mg feldspar ages: The data are from Zinner & Göpel
(2002). The closure temperature is calculated according to
Dodson (1973) at 1000 K/Ma cooling rate and 2 µm feldspar
grain size. The activation energy and frequency factor used
for the calculation are from LaTourette & Wasserburg (1998):
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Table 6. Parameters for optimized models of the parent body of H chondrites for chondrule-dominated binary granular mixture based on the
theories of sintering by Helle et al. (1985) (model H) or Rao & Chaklader (1972) (models R and Rp). Model O is the optimized model from Henke
et al. (2013).
Model H Model R Model Rp Model O
Quantity Symbol Value Value Value Value Unit
Parameters
Granular radius G 150 150 150 0.1 µm
Surface porosity φsrf 0.248 0.248 0.248 0.201
Heat conductivity Kb 4.0 4.0 4.0 4.1 W(mK)−1
Surface pressure psrf 10 10 10 — Pa
26Al/27Al ratio 5.1 × 10−5 5.1 × 10−5 5.1 × 10−5 5.1 × 10−5
60Fe/56Fe ratio 1.0 × 10−8 1.0 × 10−8 1.0 × 10−8 1.43 × 10−8
Optimized parent body
Radius Rp 159.4 168.8 111.8 189.6 km
Formation time tform 1.840 1.578 1.787 1.893a Ma
Surface Temperature Tsrf 159.0 150.3 150.1 193 K
Max. central Temperature Tc 1 276 1 485 1 298 1 239 K
Residual porous layer 2.09 2.35 4.88 1.40 km
Fit quality χ2/(N − p) 0.79 1.32 2.47 0.88b
Meteorite type Burial depth and maximum temperature Tmax
km K km K km K kmc Kc
Guareña H6 38.8 1 234 23.4 1 438 29.6 1 271 42.8 1 179
Estacado H6 40.4 1 235 22.9 1 437 32.9 1 275 42.3 1 179
Kernouvé H6 27.1 1 217 13.9 1 383 15.3 1 227 32.7 1 170
Mt. Browne H6 18.2 1 182 7.72 1 1285 4.90 1 072 24.3 1 150
Richardton H5 10.2 1 100 2.79 1 110 5.23 1 100 16.5 1 104
Allegan H5 9.01 1 080 2.42 1 032 3.75 887 15.3 1 092
Nadiabondi H5 7.56 1 051 2.49 1 050 4.72 1 050 12.4 1 056
Forest Vale H4 1.73 766 1.64 751 2.87 750 4.32 855
Ste. Marguerite H4 1.69 751 1.64 751 2.87 750 2.27 767
Notes: (a) The value given in Henke et al. (2013) was 2.026 Ma, but this is a typographical error. The correct value is that given in this table. (b)
Calculated for a new definition of the distance between data points and temperature evolution curve, see Henke et al. (2014). (c) Re-calculated
with an improved algorithm for finding the burial depths of the meteorites.
E = 274 kJ/mol, D0 = 1.2 × 10−6. Al-Mg ages (when compared
to paper III) were corrected for the same shift as the U-Pb-Pb
age of CAIs (see below), as this age is thought to represent the
canonical ratio of aluminium isotopes.
U-Pb-Pb phosphate ages: The closure temperature is given
by Cherniak et al. (1991). Phosphate U-Pb-Pb age data are from
Göpel et al. (1994), and from Blinova et al. (2007) for Estacado
and Mt. Browne.
40Ar-39Ar feldspar ages: Ar-Ar ages are from Trieloff et al.
(2003) and Schwarz et al. (2006) for Mt. Browne and Guareña.
Data were recalculated for the miscalibration of K decay con-
stant (see Renne et al. 2011; Schwarz et al. 2011, 2012). The
closure temperature is by Trieloff et al. (2003) and Pellas et al.
(1997).
244Pu-fission tracks: The age at 390 K is calculated from the
time interval between Pu-fission track retention in merrillite at
390 K and Pu-fission track retention by pyroxene at 550 K (cor-
responds to Ar-Ar feldspar age at 550 K). The data are from
Trieloff et al. (2003), the closure temperature is given by Pel-
las et al. (1997).
For calculating differences between the formation time of
CAIs and the ages from Table 6 we take as the time of CAI for-
mation the average of the value of 4 567.2±0.5 Ma before present
given by Amelin et al. (2010), and 4 567.3 ± 0.16 Ma given by
Connelly et al. (2012). Closure ages for short lived radioactives
given in Table 6 refer to this reference age.
8.3. Parameter estimation
The free parameters are determined by the optimisation proce-
dure described in Henke et al. (2012b) by comparing the run
of temperature at the burial depths of the meteorites with their
thermal history as described by the closure times and closure
temperatures of radioactive decay systems and other clocks (see
Gail et al. 2014, for a review). The parameters are varied by
an optimization algorithm and for each parameter set a complete
thermal evolution model is calculated and the burial depths of the
meteorites are determined which fit best to the thermochronolog-
ical data of the individual meteorites.
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Fig. 4. Comparison of the thermal evolution for H chondrites of different petrologic types sampling different burial depths, using the models
for hot isostatic pressing of Helle et al. (1985) (black lines) or of Rao & Chaklader (1972) (red lines without and blue lines with temperature
restriction). For comparison the model from Henke et al. (2013) is also shown (green lines). The symbols denote the experimentally determined
closure times and closure temperatures (and their errors) for different decay systems. The full lines correspond to the thermal evolution at the
burial depths of the meteorites. The dotted lines show the temperature evolution at the centre of the parent body for comparison. The dashed
horizontal line corresponds to the surface/initial temperature.
The quality of a specific model is determined by the χ2-
method. The optimisation algorithm seeks the set of model pa-
rameters for which χ2 is minimal. For this model it is assumed
that it (hopefully) represents the properties of the parent body of
the H chondrites.
We have totally the N = 37 data listed in Table 5. A model
fit is considered to be good if χ2/(N − p) . 1. Thus for a model
with 37 data points and 3 + 9 parameters χ2/(N − p) should be
at most of order ≈ 1 for an acceptable model and ideally much
less than this. If χ2/(N − p) exceeds this value, it indicates that
either the experimental errors are larger than the error estimates
or the model that is used to fit the data is unsuited or incomplete.
8.4. Model results
In the following we compare a model for the parent body of the
H chondrites using the method of Helle et al. (1985) to calcu-
late sintering of a binary matrix-chondrule mixture with a model
which uses the method of Rao & Chaklader (1972), and a model
for a one-component chondritic material as it was considered in
our previous attempts (Henke et al. 2012b, 2013) to reconstruct
the parent body of H chondrites. The optimisation of parameters
using an evolution algorithm is run for 500 generations with 20
individuals per generation.
Table 6 shows the resulting parameters for the models that re-
sult in the lowest value of χ2 and the corresponding burial depths
and maximum temperatures at this depth of the nine meteorites.
Figure 4 shows for all the meteorites the variation with time of
the temperature at their burial depths for the different models and
compares them with the empirical thermochronological data. In
detail:
Model H: This model assumes a binary matrix-chondrule mix-
ture, dominated by the chondrules. The volume fraction fma is
set to the value from Table 3 for H chondrites. Compaction is
calculated using the theory of Helle et al. (1985), rheological
constants are from Table 1.
The optimum model has a value of χ2/(N − p) = 0.79 (see
Table 6), which shows that it is possible to find an acceptable
model fit to the empirical data, though not an excellent fit. As
can be seen from Fig. 4, the model matches most of the data
points quite well, except for the high temperature data of Esta-
cado which are slightly missed. The data points of Nadiabondi
are not well fitted; they seem to be inconsistent for some reason.
The maximum central temperature of Tc = 1 274 K of
this model only slightly exceeds the solidus temperature of the
Fe,Ni-FeS eutectic of 1 261 K (see the discussion in Henke et al.
2014, for details). Hence, in this model there could be at most
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Fig. 5. Variation of maximum temperature in a mass element at ra-
dial position r. The radius r is the final position of the mass element
after compaction of the body. Solid line: Model H (see Table 6) with
binary chondrule mixture and sintering calculated by theory of Helle
et al. (1985). Dotted line: Model R (see Table 6) with binary chondrule
mixture and sintering calculated by theory of Rao & Chaklader (1972).
Long dashed line: Model Rp (see Table 6) with restriction for maxi-
mum temperature. Short dashed line: Model O (see Table 6) with one
component dust material and sintering calculated by theory of Rao &
Chaklader (1972). The horizontal dashed lines indicate the transition
temperatures between different petrologic types according to McSween
et al. (1988) and the solidus temperatures of the Fe,Ni-FeS-complex and
the chondritic silicate-mixture.
a low fraction of FeS melt in the core region of the body and no
whatsoever differentiation.
Model R: This model is based on the same assumptions as the
preceding model, except that the compaction is calculated ac-
cording to the theory of Rao & Chaklader (1972).
The optimum model has a value of χ2/(N − p) = 1.32 (see
Table 6). This shows that it is possible to find a model fit to
the empirical data, but a fit that is close to the limits for being
acceptable. As can be seen from Fig. 4, the model matches most
of the data points quite well, except for the high temperature data
of Estacado and Kernouvé which are missed (and, again, the data
points of Nadiabondi are not well fitted). Except for these high
temperature points the model fit appears to be not worse than the
preceding model. However, the maximum temperatures of H6
chondrites of > 1400 K of this model are not acceptable. They
are far above petrological estimates for type 6 chondrites (Dodd
1981). Thus, this model has to be rejected despite its good match
for the low temperature data points.
Model Rp: Because in the foregoing model the maximum tem-
perature at the burial depths of the H6 chondrites is unrealistic
high, an optimization was performed where the model was sub-
jected to the restriction that the maximum temperature for H6
chondrites remains below the maximum metamorphic tempera-
ture of 1 220 K derived from two-pyroxen thermometry (cf. Ta-
ble 3). This is achieved by introducing a penalty function in
the calculation of χ2 in order to discourage the optimisation al-
gorithm to consider models where the maximum temperature at
the burial depths of the H chondrites exceeds the maximum al-
lowed temperature. The construction of the penalty function is
described in Henke et al. (2014).
The resulting minimum value of χ2/(N − p) = 2.41 (see Ta-
ble 6) shows that it is not possible to find an acceptable model
fit to the empirical data. The sinter theory of Rao & Chaklader
(1972) does not result in an acceptable model for a chondrite
parent body formed from a matrix-chondrule mixture as it is ob-
served in H chondrites.
Model O: For comparison, Table 6 shows an optimized model
for the H chondrite parent body based on the same assumptions
as in Henke et al. (2013) (model 1 from Table 4). This model
assumes a homogeneous dust material as the chondrite precursor
material and does not take care of the chondrules. Compaction is
calculated using the theory of Rao & Chaklader (1972) and the
rheological constants are as described in Henke et al. (2012a),
which are essentially identical to that given in the first line of
Table 2.
In that calculation also the value of the bulk heat conductiv-
ity at room temperature, Kb, and the initial porosity, φsrf were
included in the optimisation process such that the number of pa-
rameters for the optimisation were p = 9+5. The corresponding
parameter values given in Table 6 are the best-fit values. The
choice of the value of bulk conductivity at room temperature in
the other models shown in Table 6 is motivated by this result
and by the fact that the average of Kb obtained by extrapolating
the experimental data for H chondrites of Yomogida & Matsui
(1983) to zero porosity results in a value of Kb = 4.3 W m−1 K−1.
The optimum value of χ2/(N− p) = 0.88 (see Table 6) shows
that it is possible to find with this kind of model an acceptable
model fit to the empirical data. Inspection of Fig. 4 shows that
this model seems to be not worse than model H, though it does
not account for the chondrules. Probably the tendency of mod-
els using the sinter theory of Rao & Chaklader (1972) to result in
higher temperatures is compensated by the fact that models as-
suming a dust dominated material results in lower temperatures
because compaction commences at lower temperature and the
enhancement of heat conductivity by eliminating the pore space
reduces the further temperature increase.
8.5. Temperature and surface porosity
Figure 5 shows the maximum temperature achieved during the
whole thermal evolution of the body, Tmax(r), in a fixed mass
element located finally (after compaction) at distance r from the
centre. This figure is analogous to Fig. 3a-c where the results of
some sample model calculations were shown and its meaning is
already explained in Sect. 7.3.1.
The figure shows that for our model H the highest tempera-
ture in all mass elements remains below the eutectic temperature
of the Fe,Ni-FeS system for most part of the body, except for
the inner about 30% of the radius, where the temperature only
marginally exceeds the formation temperature of an FeS melt.
The solidus temperature of the silicate component of the chon-
dritic material (T = 1420 K, see Agee et al. 1995) is largely
missed. Model H corresponds to a body that is completely un-
differentiated and, thus, is compatible with observed properties
of H chondrites.
As already mentioned, the central temperature in model R
strongly exceeds the solidus of the silicate material in chondrites
and Fig. 5 shows that this holds for most part of the body. Model
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R, thus, is incompatible with observed properties of H chondrites
because no achondrites are known that can be related to the same
parent body as the H chondrites.
The distribution of maximum temperatures in our model O
is similar to that in model H, as Fig. 5 shows. As already ar-
gued above, the success of this model to reproduce the meteoritic
record seems to result from a fortuitous cancellation effect.
In all models there remains a residual non-compacted outer
layer where temperatures and pressures were insufficiently high
to enable sintering. Table 6 gives the thickness of this layer for
our models, defined as the boundary of the layer where φ > 0.1.
The low heat conductivity in this layer is responsible for the
rapid drop of T (r) over the last few kilometres just below the
surface, that is also reflected by the Tmax(r) curves in Fig. 5.
The layer is rather narrow with one to two kilometres thickness.
This poses a problem because some residual impacting by small
planetesimals after cessation of the main growth phase of the
parent body probably results in regolith formation and surface
gardening (e.g., Warren 2011). The structure of the surface layer
is presently treated in this and all other published models in an
oversimplified way and requires more detailed modelling in the
future.
8.6. Additional remarks
We constructed here a new model for the parent body of the
H chondrites that is based on a more realistic treatment of the
compaction process of the chondritic material and considers that
the chondritic material is a mixture of matrix material and chon-
drules. The model calculation shows that it is possible to find
model parameters that reproduce precise experimental cooling
data of a set of H chondrites for which a complete record of their
cooling history is available.
The present model is based on more realistic assumptions
with respect to the basic physics to be considered than previous
models. It still uses, however, approximations that are not com-
pletely realistic, e.g., an approximation of unclear accuracy for
the heat conductivity of a porous multi-component mixed mate-
rial, a simplified treatment of the surface layer, just to mention
two of the major remaining modelling problems.
Besides the data on the nine meteorites from Table 5 having
at least three measurements on closure times and closure tem-
peratures there are additional meteorites with a lower number of
such data (cf., e.g., Harrison & Grimm 2010). The inclusion
of such data material in our model will be discussed in another
paper. For a not-so-small number of meteorites there are also
experimentally determined cooling rates determined by other
methods (see Scott et al. 2014, and references therein). Discus-
sions of such metallographic cooling rates come to a completely
different picture on the thermal evolution of the H chondrite par-
ent body than that outlined in this paper and reject the onion
shell hypothesis on which the present model is based. The ori-
gin of this discrepancy is presently unclear, but we emphasis that
it is possible to arrive on the basis of the onion-shell model at a
completely consistent model for the H chondrite parent body in
accord with the thermal history derived from radioactive decay
systems, based only on the basic physics of the problem without
introducing any ad-hoc hypotheses of whatsoever kind.
9. Concluding remarks
This paper develops an approach to model the sintering of
the chondritic precursor material from which planetesimals are
formed in the terrestrial planet formation zone of the solar sys-
tem. The compaction behaviour of the granular initial material
is crucial for the thermal conductivity of the material and de-
termines the temperature evolution in planetesimals due to ra-
dioactive heating and subsequent cooling after exhaustion of the
efficient heat sources. An as precise knowledge as possible of
the thermal history of planetesimals is key for interpreting ther-
mochronological data of meteorites and the reconstruction of im-
portant processes at the formation time of planets.
The following topics are treated in this paper:
– The calculation of the hot isostatic compression of granular
material. It is proposed to use a model approach (Helle et al.
1985) that has been developed for modelling technical man-
ufacturing processes.
– A brief comparison between computed sintering of olivine
powder with published data of laboratory compaction exper-
iments. This shows satisfactory agreement between model
and experimental results. The result suggests that the sinter
theory of Helle et al. (1985) can be applied with sufficient
accuracy to the compaction of meteoritic precursor material.
– A qualitative discussion of the different compaction be-
haviour of fine-grained matrix material and coarse grained
chondrule material. We found that the two components of
chondrite material, matrix and chondrules, behave in a quite
different way and compaction occurs at temperatures that are
roughly 200 K higher for chondrules than for matrix.
– An approach how the compaction of the binary mixture of
matrix and chondrules, that is observed in (almost) all mete-
oritic classes, can be treated if the compaction of planetes-
imals during the course of their thermal evolution is to be
calculated.
– Construction of a new model for the parent body of the H
chondrites by comparing models of its thermal evolution
with thermochronologic data of nine meteorites with well-
defined empirical cooling curves and a parameter estimation
based on an optimization algorithm. The optimization results
in a satisfactory fit of all thermochronological data used.
The method presented here is a step towards a consistent
modelling of the internal constitution and evolution of planetesi-
mals and protoplanets. The ultimate goal would be, if more ther-
mochronological data on other meteorites become available, to
derive sizes and formation times of a number of parent bodies of
meteorites which would provide direct insight into the course of
the planetary formation process. Additional steps are required,
however, to achieve this goal because there are still processes
important for the evolution of such bodies that presently cannot
adequately be modelled.
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Appendix A: Binary granular mixtures
The strong dichotomy between sizes of chondrules and matrix
particles suggests to treat the chondritic granular mixture as a
binary mixture of two granular components with significantly
different sizes. The two components each are idealized as mono-
sized. This case has been studied in powder technology and
some general results are available (see, e.g., Fiske et al. 1994,
and references therein). Here we give a simplified treatment ap-
propriate for chondritic material.
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Table A.1. Some characteristic numbers for a chondrule-matrix mixture
Dcp = 0.64 Dcp = 0.56
ftran 0.265 0.306
φmin 0.130 0.194
fram 0.335 —
fstop — 0.44
We denote the diameters of the small and large components
(matrix and chondrules) as dma and dch, respectively, and define
the size parameter
α = dch/dma . (A.1)
For all known meteoritic classes this size parameter is well above
the value of α & 7 above of which the small particles easily fit
into the interstitials between the large particles. In fact, the value
of α is at least 102 and probably above 103 at the early stages
of planetesimal evolution before Ostwald ripening of the matrix
particulates. Then also “wall effects” are completely negligible
where the packing of matrix particles immediately adjacent to a
large particle is somewhat less dense than where small particles
are only surrounded by small particles. This allows to treat the
chondritic granular mixture as one of two different cases:
1. Chondrule-dominated material. The chondrules form a clos-
est packing and the matrix material partially or completely
fills the pore space between the closely packed chondrules.
2. Matrix-dominated material. The matrix forms a close pack-
ing and rare chondrules are interspersed into the matrix ma-
terial.
The limit between both cases corresponds to the case where the
matrix completely fills the interstitials in a closest packing of
chondrules. This is the maximum volume of matrix material
in the chondrule-dominated case and the maximum of chon-
drules that can be interspersed into matrix material in the matrix-
dominated material.
First consider the chondrule-dominated material. A volume
V may be filled with chondrules. The fraction of V filled by
chondrules is denoted as
D = Vch/V , (A.2)
where Vch is the total volume of all chondrules in V . We as-
sume that the chondrules form a closest packing such that the
chondrules are immobile in this packing. We denote the corre-
sponding value of D as Dcp, which would be typically equal to
≈ 0.64 for a random closest packing of spheres. The volume of
interstitials (pores) between the chondrules is
Vp = φcp V =
(
1 − Dcp
)
V , (A.3)
where φ = 1 − D is the porosity.
Now assume that we have given volumes Vch and Vma of
chondrule and matrix material, where the matrix material at most
fills the voids between the chondrules. These volumes refer the
true volume filled by the corresponding materials and does not
include the voids between the particles. The total volume filled
by the granular material is determined by the volume of the
chondrules and the void space between them (which, however,
is not empty in our case but is partially filled with matrix). This
volume is
V =
Vch
Dcp
. (A.4)
The volume filled by matrix and chondrule material is Vma + Vch
such that the packing fraction of the mixture is
D =
Vma + Vch
V
= Dcp
Vma + Vch
Vch
. (A.5)
We define by
fma = VmaVma + Vch (A.6)
the volume fraction of matrix to total material. With this we can
write
D =
Dcp
1 − fma . (A.7)
This is the effective filling factor of the chondrule-matrix mixture
in the chondrule-dominated case.
Next we consider the matrix-dominated case. The volume
filled by the matrix inclusive the void space between matrix par-
ticles is Vma/Dcp where it is assumed that the filling factor Dcp of
the porous matrix material is the same as just before. The total
volume filled by matrix and chondrules is
V =
Vma
Dcp
+ Vch . (A.8)
The filling factor of the matrix-chondrule mixture is
D =
Vma + Vch
Vma
Dcp
+ Vch
(A.9)
and with definition (A.6) of the matrix volume fraction we obtain
D =
Dcp
1 − (1 − Dcp)(1 − fma) . (A.10)
This is the effective filling factor of the chondrule-matrix mixture
in the matrix-dominated case.
At the limit between the two cases the results for the filling
factors corresponding to the two cases have to equal each other.
From this one finds a matrix volume fraction at the transition of
ftran =
1 − Dcp
2 − Dcp
. (A.11)
The filling factor takes at the transition its maximum which
equals
Dmax = 1 −
(
1 − Dcp
)2
. (A.12)
In terms of the porosity (which is minimal if D is maximal) this
takes the obvious form
φmin = φ
2
cp . (A.13)
If it is assumed that the chondrules are equal sized spheres,
the filling factor for the random closest packing is Dcp ≈ 0.64
(e.g. Onoda & Liniger 1990; Jaeger & Nagel 1992). The ran-
dom loosest packing of spheres where the particles just resist
to small external forces has a filling factor of Dcp ≈ 0.56 (e.g.
Onoda & Liniger 1990; Jaeger & Nagel 1992; Güttler et al.
2009). Figure (A.1) shows the variation of the effective porosity
of the chondrule-matrix mixture with matrix fraction for these
two cases and Table A.1 gives some numerical values. In princi-
ple the initial structure of the chondritic material could be some-
where in between these two cases. Because during the growth of
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Fig. A.1. Variation of effective porosity of a binary granular mixture
of matrix and chondrules with volume fraction (with respect to matter-
filled volume) of matrix. Full line: The case of random closest packing
of spheres, corresponding to Dcp = 0.64. Dashed line: The case of
loosest close packing of spheres, corresponding to Dcp = 0.56. Dotted
line: The case of random closest packing of the matrix material where
the interspersed chondrules are not denser packed than in the loose close
packing.
planetesimal by collisions with other planetesimals the surface
material is permanently gardened, we assume that the filling fac-
tor corresponds to the closest random packing as in experiments
this kind of packing is the outcome after vigorous stirring and
shaking of a granular material.
The experimental results shown in Fiske et al. (1994) con-
firm that the equations for the effective packing fraction given
above are good approximations for the properties of real binary
granular media.
In the case of matrix-dominated material one has also to ob-
serve the filling factor of the chondrules interspersed in the ma-
trix ground mass. This filling factor is defined as
Dch =
Vma + Vch
Vma
Dma
+ Vch
, (A.14)
where Dma is the filling factor of the matrix ground mass. Elim-
inating Vma by means of Eq. (A.6) results in
Dch = Dma
1 − fma
fma + (1 − fma)Dma . (A.15)
This filling factor equals the loose random closest packing Dl ≈
0.56 where the packing of chondrules becomes immobile for a
value of the volume fraction of matrix material
fram = Dma(1 − Dl)Dl + Dma(1 − Dl) . (A.16)
In the incompacted state the filling factor of the porous matrix
component should equal the closest random packing Dcp ≈ 0.64.
The value of fram for this case is shown in Table A.1. For lower
filling factors the effective filling factor of the matrix-chondrule
mixture is
D =
Vma + Vch
Vch
Dl
=
Dl
1 − fma . (A.17)
This is also shown in Fig. A.1. For f below the limit value of ftran
corresponding to Dcp = Dl the packing fraction coincides with
the packing fraction of the loose close packing. This type of
packing in principle is unstable because the porous matrix does
not completely fill the voids between the chondrule. By shaking
it would make a transition to the case of random closest packing
of both the chondrules and the matrix.
Appendix B: Hot isostatic pressing of a binary
granular mixture
For hot isostatic pressing of the chondritic binary mixture one
has to observe that sintering of the pure matrix material because
of the smallness of the particles occurs at lower temperature by
surface diffusion than sintering of the pure chondrule material
by dislocation creep. This has to be observed in the modelling
of the sintering process.
First we consider the case of a chondrule-dominated mate-
rial. Since the matrix does not completely fill the voids between
the chondrules if the matrix fraction is less than the value given
by Eq. (A.11), the pressure loading rests on the contacts between
the chondrules. The matrix is essentially only subject to the low
gas pressure and sintering of the matrix is mainly driven by sur-
face tension. Though the filling factor of the initially porous
matrix material increases up to unity during sintering of the ma-
trix material, the effective filling factor of the matrix-chondrule
mixture given by Eq. (A.7) does not change. The only thing one
has to do is to use this effective packing fraction and not Dcp
as initial value if we solve the differential equation for the time
evolution of the filling factor of the chondrules.
In the case of matrix-dominated material we have to discrim-
inate between two different cases which are related to the fill-
ing factor of the chondrules interspersed in the matrix ground
mass. During sintering of the matrix the filling factor Dma in-
creases from the initial value Dcp for the closest packing of the
non-sintered material to a maximum value of unity. At the same
time Dch, given by Eq. (A.15), also increases. This filling factor
then could approach the value corresponding to the loose ran-
dom closest packing Dl ≈ 0.56 where the packing of chondrules
becomes immobile. If we assume that the chondrule material
is more rigid than the matrix material, the sintering of matrix
material beyond this point cannot increase the effective packing
fraction of the matrix-chondrule mixture. The further sintering
of the matrix occurs under zero pressure conditions because the
still porous matrix material then incompletely fills the space be-
tween the chondrules and therefore partially detaches from them.
The condition that Dch < Dl at complete sintering of the matrix
(Dma = 1) is
fstop = 1 − Dl . (B.1)
The value of this limit is higher than the limit fram, defined by
Eq. (A.16), where the filling factor of the chondrules already
equals Dl before compaction starts.
If fma > fstop, shrinking of the distance between chondrules
during sintering of the matrix ground mass does not increase
the packing fraction of the chondrules to the limit Dl. Sinter-
ing has to be calculated in this case by solving the differential
equation for the time evolution of the filling factor of the matrix,
Dma, with the initial value Dcp. The pressure loading rests on
the contacts between the matrix particles. The effective porosity
for the matrix-chondrule mixture follows from the analogue of
Eq. (A.10)
D =
Dma
1 − (1 − Dma)(1 − fma) . (B.2)
In the case ftrans ≤ fma ≤ fstop one also has to solve the
differential equation for the time evolution of the filling factor of
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the matrix, Dma, with the initial value Dcp. The effective porosity
for the matrix-chondrule mixture is given by Eq. (B.2) as long
as Dch calculated from Eq. (A.15) remains less than Dl. The
effective filling factor of the mixture at this point follows from
Eq. (A.15) by letting Dch = Dl; its value is
Def =
Dl
1 − fma . (B.3)
If Dma exceeds this value the pressure load is taken over by the
chondrules and the calculation of the matrix filling factor has to
be continued with zero pressure load for the matrix until Dma =
1. The effective filling factor of the matrix-chondrule mixture is
Def and remains constant until Dma = 1. From this point on the
differential equation for the time evolution of the filling factor of
the chondrules has to be solved with the initial value Def .
We can, thus, discriminate between three different sintering
modes of the binary granular mixture of chondritic material, de-
pending on the relative abundance, fma, of matrix material:
1. The chondrule-dominated case fma < ftrans where the shrink-
ing of the material is determined by sintering of the chon-
drule component.
2. The matrix-dominated case fstop < fma where the shrinking
of the material is determined by sintering of the matrix com-
ponent.
3. The two-step case fma ≤ ftrans ≤ fstop where the shrinking of
the material occurs in two steps, first by sintering of the ma-
trix component and then by sintering of the chondrule com-
ponent.
The first mode applies to the ordinary chondrites, the second for
the CI, CM, CK, CV, and K chondrites, and the third mode for
CR and CO chondrites.
References
Agee, C. B., Li, J., Shannon, M. C., & Circone, S. 1995, J. Geophys. Res., 100,
17725
Akridge, G., Benoit, P. H., & Sears, D. W. G. 1997, Lunar Plan. Sc. Conf.,
XXVIII, 1178
Amelin, Y., Ghosh, A., & Rotenberg, E. 2005, Geochim. Cosmochim. Acta, 69,
505
Amelin, Y., Kaltenbach, A., Iizuka, T., et al. 2010, Earth and Planetary Science
Letters, 300, 343
Arzt, E., Ashby, M. F., & Easterling, K. E. 1983, Metallurgical Transact. A, 14A,
211
Atkinson, H. V. & Davis, S. 2000, Metall. Materials Transact., 31A, 2981
Blinova, A., Amelin, Y., & Samson, C. 2007, Meteoritics & Plan. Sci., 7/8, 1337
Bottke, W., Vokrouhlicky, D., Nesvorny, D., & Shrbeny, L. 2010, in Bulletin
of the American Astronomical Society, Vol. 42, AAS/Division for Planetary
Sciences Meeting Abstracts #42, 1051
Bouvier, A., Blichert-Toft, J., Moynier, F., Vervoort, J., & Albarède, F. 2007,
Geochim. Cosmochim. Acta, 71, 1583
Brearley, A. J. & Jones, R. H. 1998, in Reviews in Mineralogy. Planetary Mate-
rials., ed. J. J. Papike, Vol. 36 (Mineralogical Society of America), 3:1–3:398
Brennecka, G. A., Weyer, S., Wadhwa, M., et al. 2010, Science, 327, 449
Bystricky, M. & Mackwell, S. 2001, J. Geophys. Res., 106, 13443
Cherniak, D., Lanford, W. A., & Ryerson, F. J. 1991, Geochim. Cos-
mochim. Acta, 55, 1663
Clayton, R. N., Onuma, N., & Mayeda, T. K. 1976, Earth & Plan. Sci. Lett., 30,
10
Connelly, J. N., Bizzarro, M., Krot, A. N., et al. 2012, STabThermDatcience,
338, 651
Consolmagno, G., Britt, D., & Macke, R. 2008, Chemie der Erde /Geochemistry,
68, 1
Dodd, R. T. 1981, Meteorites: A petrologic-Chemical Synthesis (Cambridge:
Cambridge University Press)
Dodson, M. H. 1973, Contributions to Mineralogy and Petrology, 40, 259
Eluszkiewicz, J. 1990, Icarus, 84, 215
Evans, J. B. 1978, PhD thesis, Massachusetts Institute of Technology
Fiske, T. J., Railkar, S. B., & Kalyon, D. M. 1994, Powder Technology, 81, 57
Frost, H. J. & Ashby, M. F. 1982, Deformation-mechanism Maps (Oxford: Perg-
amon Press)
Gaffey, M. J. & Gilbert, S. L. 1998, Meteoritics and Planetary Science, 33, 1281
Gail, H.-P., Trieloff, M., Breuer, D., & Spohn, T. 2014, in Protostars and Plan-
ets VI, ed. H. Beuther, R. Klessen, C. Dullemond, & T. Henning (Tucson:
University of Arizona Press), arXiv:1312.3509
Göpel, C., Manhes, G., & Allegre, C. J. 1994, Earth & Plan. Sci. Lett., 121, 153
Güttler, C., Krause, M., Geretshauser, R. J., Speith, R., & Blum, J. 2009, ApJ,
701, 130
Harrison, K. P. & Grimm, R. E. 2010, Geochim. Cosmochim. Acta, 74, 5410
Helle, A. S., Easterling, K. E., & Ashby, M. F. 1985, Acta Metall., 33, 2163
Henke, S., Gail, H.-P., Trieloff, M., & Schwarz, W. H. 2013, Icarus, 226, 212,
(paper III)
Henke, S., Gail, H.-P., Trieloff, M., & Schwarz, W. H. 2014, Meteoritics & Plan.
Sci., (submitted)
Henke, S., Gail, H.-P., Trieloff, M., Schwarz, W. H., & Kleine, T. 2012a, A&A,
537, A45, (paper I)
Henke, S., Gail, H.-P., Trieloff, M., Schwarz, W. H., & Kleine, T. 2012b, A&A,
545, A135, (paper II)
Jaeger, H. M. & Nagel, S. R. 1992, Science, 255, 1523
Kakar, A. K. & Chaklader, A. C. D. 1967, J. Appl. Phys., 38, 3223
Karato, S. & Jung, H. 2003, Philosophical Mag. A, 83, 401
Kleine, T., Hans, U., Irving, A. J., & Bourdon, B. 2012, Geochim. Cos-
mochim. Acta
Kleine, T., Touboul, M., Van Orman, J., et al. 2008, Earth & Plan. Sci. Lett., 270,
106
Krause, M., Henke, S., Gail, H.-P., et al. 2011, Lunar Planet. Sci. Conf. Lett., 42,
2696
LaTourette, T. & Wasserburg, G. 1998, Earth & Plan. Sci. Lett., 158, 91
Lawlis, J. 1998, PhD thesis, The Pennsylvania State University
McCausland, P. J. A., Brown, P. G., & Wilson, G. C. 2006, JRASC, 100, 104
McSween, H. Y., Sears, D. W. G., & Dodd, R. T. 1988, in Meteorites and the
Early Solar System, ed. J. F. Kerridge & M. S. Matthews (Tucson: University
of Arizona Press), 102–113
Monnereau, M., Toplis, M. J., Baratoux, D., & Guignard, J. 2013, Geochim. Cos-
mochim. Acta, 119, 302
Morbidelli, A., Gonczi, R., Froeschleé, C., & Farinella, P. 1994, A&A, 282, 955
Nagasawa, M., Thommes, E. W., Kenyon, S. J., Bromley, B. C., & Lin, D. N. C.
2007, in Protostars and Planets V, ed. B. Reipurt, D. Jewitt, & K. Keil (Tuc-
son: University of Arizona Press), 639–654
Onoda, G. Y. & Liniger, E. G. 1990, Phys. Rev. Lett., 64, 2727
Pellas, P., Fiéni, C., Trieloff, M., & Jessberger, E. 1997, Geochim. Cosmochim.
Acta, 61, 3477
Rao, A. S. & Chaklader, A. C. D. 1972, J. Americ. Ceramic Soc, 55, 596
Renne, P. R., Balco, G., Ludwig, K. R., Mundil, R., & Min, K. 2011,
Geochim. Cosmochim. Acta, 75, 5097
Schwarz, W. H., Henke, S., Trieloff, M., & Gail, H.-P. 2012, in 34th IGC Bris-
bane, 3139
Schwarz, W. H., Kossert, K., Trieloff, M., & Hopp, J. 2011, Geochim. Cos-
mochim. Acta, 75, 5094
Schwarz, W. H., Trieloff, M., Korochantseva, E. V., & Buikin, A. I. 2006, Mete-
oritics & Planetary Science Supplement, Proceedings of 69th Annual Meeting
of the Meteoritical Society, 41, 5132, A161
Schwenn, M. B. & Goetze, C. 1978, Tectonophysics, 48, 41
Scott, E. R. D. 2007, Ann. Rev. Earth & Plan. Sci., 35, 577
Scott, E. R. D., Krot, T. V., Goldstein, J. I., & Wakita, S. 2014, Geochim. Cos-
mochim. Acta, 136, 13
Scott, G. D. 1962, Nature, 194, 956
Sears, D. W. G. & Dodd, R. T. 1988, in Meteorites and the early solar system,,
ed. J. F. Kerridge & M. S. Matthews, (Tucson: University of Arizona Press,),
3–31
Senshu, H. 2004, Lunar Plan. Sc. Conf., XXXV, 1557
Trieloff, M., Jessberger, E. K., Herrwerth, I., et al. 2003, Nature, 422, 502
Trieloff, M. & Palme, H. 2006, in Planet Formation, ed. H. Klahr & W. Brandner
(Cambridge University Press), 64
Warren, P. H. 2011, Meteoritics & Plan. Sci., 46, 53
Weidenschilling, S. 2011, Icarus, 214, 671
Weidenschilling, S. J. & Cuzzi, J. N. 2006, in Meteorites and the Early Solar Sys-
tem II, ed. D. S. Lauretta & H. Y. McSween (Tucson: University of Arizona
Press), 473–485
Xu, Y., Shankland, T. J., Linhardt, S., et al. 2004, Phys. Earth Planet. Inter.,
143-144, 321
Yomogida, K. & Matsui, T. 1983, J. Geophys. Res., 88, 9513
Yomogida, K. & Matsui, T. 1984, Earth & Plan. Sci. L., 68, 34
Zinner, E. & Göpel, C. 2002, Meteoritics & Plan. Sci., 37, 1001
Article number, page 18 of 18
